Understanding the production and function of specialized cells during development requires the isolation of individual cell types for analysis, but this is currently a major technical challenge. Here we describe a method for cell type-specific RNA and chromatin profiling that circumvents many of the limitations of current methods for cell isolation. We used in vivo biotin labeling of a nuclear envelope protein in individual cell types followed by affinity isolation of labeled nuclei to measure gene expression and chromatin features of the hair and non-hair cell types of the Arabidopsis root epidermis. We identified hundreds of genes that are preferentially expressed in each cell type and show that genes with the largest expression differences between hair and non-hair cells also show differences between cell types in the trimethylation of histone H3 at lysines 4 and 27. This method should be applicable to any organism that is amenable to transformation.
INTRODUCTION
Growth and development of multicellular organisms require the production of many specialized cell types that make up the tissues and organs of the adult body. The generation of a differentiated cell from an undifferentiated progenitor involves epigenetic reprogramming of the stem cell genome to establish the appropriate lineage-specific transcription program. Initial establishment and subsequent maintenance of this transcriptional program is effected through chromatin-based gene-silencing and -activation mechanisms involving the dynamic interplay of transcription factors, posttranslational modification of histones, deposition of histone variants, DNA methylation, and nucleosome remodeling (Brien and Bracken, 2009; Muller and Leutz, 2001; Ng and Gurdon, 2008) . Defining precisely how cellular differentiation is imposed and maintained is a central goal of developmental biology, and is also critical to understanding how the process can go awry, leading to disease states such as cancer. Despite the importance of this problem, our knowledge of the mechanics of differentiation processes in vivo is still quite limited, in large part due to the technical difficulty associated with isolating pure cell types from a tissue for transcriptional and epigenomic profiling.
Current methods for the study of pure individual cell types include the use of cultured cell lines (Mito et al., 2005; Rao and Stice, 2004; Rivolta and Holley, 2002) , ex vivo differentiation from progenitor cells (Bhattacharya et al., 2009; Irion et al., 2008) , laser capture microdissection (LCM) of sectioned tissues (Brunskill et al., 2008; Jiao et al., 2009; Nakazono et al., 2003) , and fluorescence-activated cell sorting (FACS) of fluorescently labeled cell lines or protoplasts (Birnbaum et al., 2003; de la Cruz and Edgar, 2008; Gifford et al., 2008; Zhang et al., 2002) . Of these techniques, LCM and FACS are the only ones applicable to in vivo studies, but both are limited in that they involve extensive tissue manipulation, require complex and highly expensive equipment, and offer relatively low throughput. Several new methods, such as cell type-specific chemical modification of RNA (Miller et al., 2009 ) and affinity tagging of ribosomal proteins or poly(A)-binding proteins (Heiman et al., 2008; Mustroph et al., 2009; Roy et al., 2002) , have also been successfully employed to measure the gene expression profiles of individual cell types, but these approaches cannot be used to study chromatin features.
In order to circumvent the limitations of current methods and to make the study of cell differentiation and function more accessible, we sought to develop a simple and generally applicable method for studying gene expression and chromatin in individual cell types. To avoid the need for dissociating or mechanically separating cells, we developed a strategy to transgenically tag nuclei in specific cell types and then use affinity isolation to purify them from the total pool of nuclei derived from a tissue. A similar strategy has been used to isolate chloroplasts from specific cell types (Truernit and Hibberd, 2007) , and fluorescently labeled phloem cell nuclei have been purified by FACS and used for gene expression analysis (Zhang et al., 2008) . Furthermore, it has been shown that the nuclear and total cellular mRNA pools are generally comparable, making nuclei a reasonable source of mRNA for gene expression measurements (Barthelson et al., 2007; Jacob et al., 2007) Thus, affinity-purified nuclei should be easy to obtain and could be used for the measurement of the gene expression and chromatin profiles of individual cell types. Our strategy to achieve this was to express a fusion protein consisting of a nuclear envelope-targeting sequence, green fluorescent protein (GFP), and the biotin ligase recognition peptide (BLRP), in the presence of Escherichia coli biotin ligase (BirA) in individual cell types in order to generate biotinylated nuclei specifically in those cells. These nuclei could then be purified from the total nuclear pool by virtue of the interaction between biotin and streptavidin. We refer to this strategy as INTACT, for isolation of nuclei tagged in specific cell types.
As a proof of concept, we employed the INTACT system to study the two cell types of the Arabidopsis root epidermis: hair cells and non-hair cells. These two cell types originate from a common progenitor and make up the entire epidermal layer of the root, arising in alternating vertical cell files along the axis of this organ. The hair cells form long tubular outgrowths that are involved in water and nutrient uptake, anchorage, and interaction with soil microbes, whereas the non-hair cells do not produce such outgrowths (Grierson and Schiefelbein, 2002) . The formation of these cell types has been extensively studied at the genetic and cell biological levels (Ishida et al., 2008) and many genes that are expressed preferentially in each cell type have been identified (Birnbaum et al., 2003; Brady et al., 2007; Won et al., 2009) , providing us with a point of comparison for our gene expression studies using the INTACT method.
Our results demonstrate that the INTACT method results in high yield and purity of nuclei from each of the tested cell types and is suitable for both gene expression and chromatin profiling studies. We identified hundreds of genes that are preferentially expressed in each cell type, including nearly all of the previously confirmed hair cell-specific genes. We further show that the preferential expression of a gene in one cell type often correlates with major differences between the cell types in the trimethylation of histone H3 at lysines 4 and 27, demonstrating that chromatin differences exist between hair and non-hair cells and these can be readily monitored in nuclei purified using this method. The INTACT method is simple, fast, and should be widely applicable.
RESULTS

Establishment of the INTACT Method
We first developed a system for biotin tagging of nuclei using an outer nuclear envelope-targeted fusion protein that also served as a substrate for biotinylation. This nuclear targeting fusion (NTF) protein consisted of three parts: the WPP domain of Arabidopsis RAN GTPASE ACTIVATING PROTEIN 1 (RanGAP1), which is necessary and sufficient for envelope association (Rose and Meier, 2001) , GFP for visualization, and BLRP, which acts as a substrate for the E. coli biotin ligase BirA (Beckett et al., 1999) . Thus, expression of the NTF protein and BirA in the same cell type should produce biotinylated nuclei exclusively in that cell type. We drove cell type-specific expression of the NTF protein in hair cells using the ACTIN DEPOLYMERIZING FACTOR 8 (ADF8) promoter (Ruzicka et al., 2007) in one transgenic line, and in non-hair cells using the GLABRA2 (GL2) promoter (Masucci et al., 1996) in another line. Both of these transgenic lines also expressed BirA from the constitutive ACTIN2 (ACT2) promoter to provide biotinylation of the NTF in the hair or non-hair cell types. Fluorescence microscopic examination of the ADF8p:NTF/ACT2p:BirA and GL2p:NTF/ACT2p: BirA lines showed that both promoters were expressed exclusively in the expected cell type and that the NTF did indeed accumulate on the nuclear envelope ( Figures 1A-1C) . Furthermore, we observed that nuclei isolated from these lines retained the NTF on their surface and could be specifically bound by streptavidin-coated magnetic beads ( Figure 1D ; see Figure S1 available online). As a further confirmation that the NTF was biotinylated, we performed streptavidin western blotting on wholecell extracts, on anti-GFP immunoprecipitates from the roots of each transgenic line, and on extracts from a line expressing only ACT2p:BirA. As shown in Figure 1E , a biotinylated protein of the expected 42 kDa size is detected only in plants that express the NTF, and this protein can be immunoprecipitated with an anti-GFP antibody. Thus, the NTF is expressed properly in each line and is biotinylated.
To purify labeled nuclei from hair and non-hair cells, we extracted total nuclei from the fully differentiated root hair zone of young seedlings in each transgenic line and incubated the nuclei with streptavidin-coated magnetic beads. We then employed a simple liquid flow-based system to capture the bead-bound nuclei on a magnet as the solution of bound and unbound nuclei flowed past. This apparatus was constructed from common laboratory supplies and a Dynal Mini-MACS magnet, as diagrammed in Figure 1F . Using two successive rounds of flow purification, we were able to isolate an average (±SD) of 150,000 ± 45,000 hair cell nuclei from ADF8p:NTF/ ACT2p:BirA and 250,000 ± 65,000 non-hair cell nuclei from GL2p:NTF/ACT2p:BirA, starting with 3 g of root segments from each line. The consistently higher yield of non-hair cell nuclei from the GL2p:NTF/ACT2p:BirA line was expected, given that there are generally 10-14 non-hair cell files in the epidermis and only 8 hair cell files (Dolan et al., 1993; Grierson and Schiefelbein, 2002) . The average purity (±SD) of the nuclei obtained was found to be 92.8% ± 1.6% for hair cell nuclei and 95% ± 2.2% for non-hair cell nuclei.
Gene Expression Profiling Using INTACT-Purified Nuclei
Having successfully purified nuclei from fully differentiated hair and non-hair cells, we then sought to measure gene expression profiles of each cell type using nuclear RNA. We prepared and amplified cDNA from the total nuclear RNA of each cell type, and this material was Cy dye labeled and hybridized to Roche NimbleGen whole-genome tiling microarrays along with fragmented genomic DNA labeled with the complementary Cy dye. Expression scores for the 26,992 annotated genes represented on the array were calculated using data from each of two biological replicates per cell type, and these data sets were then compared. A gene was defined as preferentially expressed in a given cell type if it showed a fold difference between cell types of >1.3 with a Bayes p value of < 0.02 (Baldi and Long, 2001) . Using these criteria, we found 946 genes that were enriched in hair cells and 118 genes enriched in non-hair cells (Table S1 ).
To determine whether the hair and non-hair cell-enriched genes identified by INTACT correspond to genes identified using other methods, we compared our cell type-enriched gene lists to those obtained in previous expression studies. When we compared our hair cell-enriched gene list to a list of 24 reporter-confirmed hair cell-specific genes (Won et al., 2009) , we found that 19 of the 24 known hair cell-specific genes were present in the INTACT hair cell gene set, and none were found in the non-hair gene set. Therefore, most of the previously confirmed hair cell-enriched genes were found using INTACT, and these genes were found throughout the range of expression levels in our data set, indicating that INTACT can identify cell type-specific genes regardless of expression level (Table S2) .
We compared our cell type-enriched gene lists to those from earlier studies that performed expression profiling using FACSpurified protoplasts of hair and non-hair cells (Birnbaum et al., 2003; Brady et al., 2007) . We found that only about 20% of the genes previously defined as specific to each cell type were present in our corresponding gene lists. In addition, only 11 of the 24 confirmed hair cell-specific genes were found in the FACS-based hair cell-enriched gene list. The discrepancies between INTACT and FACS-based expression profiles of each cell type could be attributable to technical differences between the studies, such as cDNA amplification methods, microarray platforms used, and methods for defining cell type-specific expression. However, a major source of variation may also arise from differences in the purity of target cells or nuclei achieved with each of the methods. Although the INTACT method is shown here to give nearly 100% purity of the desired nuclei, using a published FACS protocol (Birnbaum et al., 2005) we were unable to achieve a purity of greater than 50% for hair or non-hair cell protoplasts from our transgenic lines ( Figure S2 ). Thus, differences in the expression profiles could also result from a higher level of contamination from other cell types that seems to be inherent to FACS purification of plant protoplasts.
Another possible explanation for the discrepancies between INTACT and FACS-based expression profiles is that differences in the total and nuclear RNA pools could be prevalent in the tissue used for these experiments. In order to address this issue, we performed whole-genome expression profiling of nuclear and total RNA from the same tissue used for INTACT purification of hair and non-hair cell nuclei. We found a very high degree of similarity (R = 0.94) in the composition of these two RNA pools ( Figure S3 ). Therefore, expression profiles derived from pure nuclei or protoplasts of a given cell type should be comparable.
As an independent measure of the accuracy of our expression profiles, we selected 27 genes from our hair cell-enriched set and analyzed their expression levels in wild-type and gl2-8 mutant roots. Given that all epidermal cells are converted to hair cells in a gl2 mutant (Di Cristina et al., 1996; Masucci et al., 1996) , we reasoned that true hair cell-specific genes should show higher relative expression levels in gl2-8 roots as compared to wild-type roots. In total, 21 of the 27 genes (78%) tested were found to have a higher relative expression level in gl2-8 roots, and 10 of these 21 were found only in the INTACT hair cell data set and not in the FACS-based data set (Brady et al., 2007) (Table S3) . Expression levels for a representative subset of the tested genes are shown in Figure 2A .
Given the high purity of our cell type-specific population of nuclei, we suspect that our inability to detect increases in expression for 6/27 hair cell-enriched genes has a biological basis. It is unknown how closely the hair-like cells induced in the mutant resemble normal hair cells in terms of their global gene expression profile. It is possible that these hair-like cells express only a part of the hair cell transcriptome, certainly enough to cause polarized growth and secondary cell-wall thickening, but perhaps not all of it. Therefore, genes that are at significantly higher levels in gl2-8 are very likely to be hair cell specific, but those that do not increase are not necessarily false positives. Furthermore, because our expression profile comparisons were only between hair and non-hair cells, genes are categorized as hair cell specific only relative to non-hair cells, but some of these genes might also be expressed in other root cell types. In the case of such genes, an expression increase in the mutant could be obscured by signals from other root cell types.
To test for biological functions known to be associated with hair and non-hair cell types, we analyzed each cell type-enriched gene set for overrepresentation of Gene Ontology (GO) terms (Ashburner et al., 2000) . In the hair cell gene set, we found significant enrichment of multiple GO terms at all levels, including those associated with protein translation, actin and tubulin cytoskeletal systems, cell-wall modification, and hair cell differentiation and growth ( Figure 2B ; Table S4 ). Within the non-hair cell gene set, we observed significant overrepresentation of GO terms for cell-wall modification and negative regulation of hair cell specification ( Figure 2C ; Table S3 ). Thus, in each case, we were able to detect overrepresentation of terms that correspond to biological functions known to be relevant to each cell type (Grierson and Schiefelbein, 2002; Masucci et al., 1996) .
Chromatin Profiling Using INTACT-Purified Nuclei
In order to gain insight into the chromatin changes that accompany the differentiation of hair and non-hair cells from a common progenitor, we profiled two different histone modifications in each cell type: the transcription-associated mark trimethylation of H3 lysine 4 (H3K4me3) (Santos-Rosa et al., 2002 ) and the Polycomb silencing-associated mark trimethylation of H3 lysine 27 (H3K27me3) (Nekrasov et al., 2007) .
Chromatin immunoprecipitation (ChIP) was performed by shearing crosslinked chromatin from purified hair and nonhair cell nuclei to an average size of 500 bp, followed by immunoprecipitation with an antibody against either H3K4me3 or H3K27me3. To equalize for nucleosome occupancy, a sample of each input chromatin was also immunoprecipitated with an antibody against the C terminus of H3, which should precipitate all nucleosomes irrespective of their posttranslational modifications. Each amplified and labeled H3K4me3 or H3K27me3 ChIP DNA was cohybridized to tiling arrays along with amplified and labeled H3 ChIP DNA from the same input chromatin. Two biological replicates of each ChIP were performed for each of the two cell types. As shown in Figure 3A , examination of a generich region of chromosome 1 indicated that the ChIP experiments were highly reproducible and showed a high level of similarity between cell types for both modifications.
To visualize the relationship between gene expression and each of the modifications, we made heat maps by aligning the profiles for each modification at the 5 0 and 3 0 ends of each annotated gene on the array, and then ranking genes by decreasing expression level in the corresponding cell type. H3K4me3 is maximal just downstream of the transcription start site, and decreases with decreasing gene expression level in both hair and non-hair cells ( Figure 3B ; Figure S4A ), as described previously in other organisms (Bernstein et al., 2005; Krogan et al., 2003; Roh et al., 2006) . Conversely, H3K27me3 is generally excluded from the most highly expressed genes, is found in promoters of genes with mid-level expression, and covers the entire body of genes with the lowest expression levels in both cell types ( Figure 3C ; Figure S4B ).
We also found that many genes showed an overlap of H3K4me3 and H3K27me3 ( Figure 4A ; Table S5 ), as has been described in mammalian stem cell lines and isolated primary cells (Bernstein et al., 2006; Roh et al., 2006) .
In order to determine whether differences in the H3K4me3 and H3K27me3 profiles between cell types might correspond to genes that were preferentially expressed in each cell type, we subtracted each non-hair cell profile from the corresponding hair cell profile. Heat maps were generated from the subtracted profiles for each modification by aligning them at the 5 0 ends of genes and ranking each list of cell type-enriched genes based on the fold difference in expression level between the cell types, from largest to smallest. We found that cell type-enriched genes with the largest fold differences between cell types often showed both higher H3K4me3 and lower H3K27me3 levels in the cell type where they were preferentially expressed ( Figures 4A and  4B ). K-means clustering of the same heat maps into three clusters showed that many genes enriched in a given cell type show this pattern, and this was particularly evident in hair cells. However, many of the cell type-enriched genes show no distinct chromatin differences between cell types, whereas others show subtle chromatin differences in the opposite direction ( Figures 4C and 4D ), indicating that a change in the balance of H3K4me3 and H3K27me3 identifies some, but not all, genes with preferential expression in a given cell type. Using larger numbers of clusters showed that the class of genes with higher H3K4me3 and lower H3K27me3 remained a coherent group ( Figure S5) . This higher-level clustering also revealed that there were genes on which only H3K4me3 was higher or only H3K27me3 was lower in the cell type where the gene was preferentially expressed ( Figure S5 ). Examination of the H3K4me3 and H3K27me3 chromatin landscapes over individual hair or non-hair cell-enriched genes indeed showed that these genes often display differences in both modifications, as exemplified in Figures 4E-4H .
DISCUSSION
We have developed the INTACT method to allow analysis of the specific gene expression programs and underlying epigenetic factors that define a given cell type. This approach is based on the premise that affinity-tagged nuclei can be produced in vivo in a specific cell type, and these can then be isolated by standard affinity-purification techniques. In this study, we have shown that this method is easy to perform, does not require sophisticated instrumentation or specialized skills, and can produce large quantities of the desired nuclei at very high purity, in contrast to FACS-and LCM-based methods for cell isolation. For example, INTACT provided recovery of roughly 70% at nearly 100% purity, whereas we recovered <10% of hair cell-specific protoplasts with only 50% purity using FACS based on GFP fluorescence ( Figure S2 ). INTACT is also clearly suitable for isolating nuclei from relatively rare cell types, given that hair and non-hair cells each represent only about 10% of cells in the primary root (Dolan et al., 1993) . Given the high specificity and avidity of the biotin-streptavidin interaction, nuclei from cells with even lower abundance should also be possible to purify in sufficient quantities simply by starting with a larger amount of whole tissue. In addition, this approach should be applicable to any organism that can be transformed, and is limited only by the need for a suitable nuclear envelope-targeting domain and a promoter that is expressed in the cell type of interest and not in nearby cells. The RanGAP1 WPP domain is likely to be useful for many other, if not all, plant cell types, although it is not likely to work for non-plant cells given differences in the targeting of RanGAP to the nuclear envelope between plants and other organisms (Meier et al., 2008) . For adaptation of the method to non-plant systems, the C terminus of RanGAP, or perhaps certain nuclear pore complex proteins, could be used in place of the WPP domain for nuclear targeting. Thus, INTACT represents a universal strategy for cell type-specific profiling.
Gene expression profiling using INTACT-purified hair and nonhair cell nuclei revealed a large number of genes that are preferentially expressed in each of these cell types. Among the genes we classified as hair cell enriched, we identified most of the reporter-confirmed hair cell-specific genes and observed increased expression of many of our putative hair cell genes in Figure S4 . See also Table S5. the gl2-8 mutant roots as compared to wild-type roots. Analysis of overrepresentation of GO terms within our gene sets revealed genes that were previously characterized as being involved in the 
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specification of each of these cell types.
In the case of hair cells, we also observed an overabundance of genes involved in structural and physiological processes known to be important for the function of this cell type, such as translation, energy generation, cell expansion, vacuole function, and cytoskeletal dynamics. Furthermore, because nuclear and total RNA pools have a very similar composition, and INTACT provides nuclei at nearly 100% purity, the expression profiles generated from INTACTpurified nuclei should accurately represent the transcriptome of the cell type from which they were purified. Profiling of two histone modifications, H3K4me3 and H3K27me3, in hair and non-hair cell nuclei showed that it is possible to produce robust and highly reproducible ChIP data from the number of nuclei obtained using INTACT. We found that both of these histone modifications showed distributions similar to those recently described in Arabidopsis (Oh et al., 2008; Zhang et al., 2007 Zhang et al., , 2009 ). In addition, we show that in each cell type the level of H3K4me3 within a gene decreases with decreasing expression level and the H3K27me3 modification increases with decreasing expression (Figure 3 ; Figure S4 ), as expected. These correlations between expression levels and well-studied chromatin modifications serve as an independent confirmation of the accuracy of our gene expression profiles for each cell type.
Previous profiling of H3K4me3 and H3K27me3 in Arabidopsis suggested that many plant genes have overlapping regions of H3K4me3 and H3K27me3, as observed in mammalian cells, but because whole-plant tissues were used in these experiments it was not clear whether these overlaps were in individual cells or were an artifact of amalgamation of signals from multiple cell types (Oh et al., 2008; Zhang et al., 2007 Zhang et al., , 2009 . By profiling chromatin landscapes at cell-type resolution, we are able to show that these modifications do indeed coexist in the same cell type, as has been observed in mammalian cells (Bernstein et al., 2006; Roh et al., 2006) .
A comparison of each histone modification profile by subtraction of the non-hair cell profile from that of the hair cell showed that the largest expression differences between cell types often corresponded to an increase in H3K4me3 and a decrease in H3K27me3 in the cell type showing preferential expression of a given gene. This suggests that a balance between the activities of Trithorax-group protein-mediated H3K4 trimethylation and Polycomb-group protein-mediated trimethylation of H3K27 is involved in establishing cell type-specific expression. However, many differentially expressed genes showed little difference in histone modification levels between cell types over cell typeenriched genes, indicating that there are mechanisms for generating cell type-specific expression that are unrelated to the H3K4me3/H3K27me3 balance.
In conclusion, we have demonstrated that the INTACT method is a robust and simple technique for gene expression and chromatin profiling of individual cell types within a complex tissue, and this approach has many advantages over currently available methods. The INTACT method is far gentler than FACS or LCM in that extensive tissue manipulation is not required and the procedure is much faster, therefore minimizing the possibility of artifacts arising from tissue manipulation and the time required to obtain sufficient material for epigenomic profiling. An additional advantage is that, because nuclei can be isolated simply by freezing and grinding of tissue, the INTACT method will be easier to apply to cells embedded within deep internal tissues as well as cells that are recalcitrant to dissociation from a tissue for other reasons. INTACT, being an affinity-based method, also has the distinct advantage of being insensitive to autofluorescence and other optical disturbances that will interfere with FACS-based purification. In addition, the INTACT method requires no specialized skills beyond those common to any molecular biologist, obviates the need for sophisticated and expensive equipment, and should be widely applicable.
EXPERIMENTAL PROCEDURES
Constructs and Transgenic Plants for INTACT
The nuclear envelope-targeting protein used for INTACT consisted of a fusion of the WPP domain of Arabidopsis RanGAP1 (At3g63130; amino acids 1-111, inclusive) (Rose and Meier, 2001) at the N terminus, followed by the enhanced green fluorescent protein (eGFP) and the biotin ligase recognition peptide (BLRP) (Beckett et al., 1999) at the C terminus. The WPP domain of RanGAP1 was separated from GFP by three alanine residues, and GFP was separated from BLRP by five alanine residues. The fusion gene encoding this protein (called NTF) was cloned under control of the ADF8 (At4g00680) promoter (Ruzicka et al., 2007) for hair cell expression and the GL2 (At1g79840) promoter (Masucci et al., 1996) for non-hair cell expression. Each of these constructs was cotransformed into Arabidopsis ecotype Col-0 along with the E. coli biotin ligase (BirA) gene driven from the constitutive ACT2 (At3g18780) promoter Zilberman et al., 2008) . First-generation double transgenic plants were selfed to produce plants that were homozygous for both the NTF and BirA transgenes. Multiple individual NTF/BirA double transgenic lines showing the expected expression patterns were combined and used in all subsequent experiments.
Plant Growth and Harvesting of Root Tissue
Plants were grown under fluorescent light for 16 hr/day at 22 C on agar-solidified half-strength MS media (Murashige and Skoog, 1962) . Plates were kept in a nearly vertical orientation, such that the roots grew along the surface of the media. When plants reached seven days of age, a 1.25 cm section of the roots, from within the fully differentiated root hair zone but below the position of the first lateral roots, was harvested with a razor blade. This region of root tissue was used in all experiments.
Purification of Biotinylated Nuclei
For each purification, 3 g of root tissue was frozen in liquid nitrogen, ground to a fine powder, and resuspended in 10 ml of nuclei purification buffer (NPB; 20 mM MOPS, 40 mM NaCl, 90 mM KCl, 2 mM EDTA, 0.5 mM EGTA, 0.5 mM spermidine, 0.2 mM spermine [pH 7]) containing Roche Complete protease inhibitors. Nuclear suspensions were then filtered through 70 mm nylon mesh and pelleted at 1000 3 g for 5 min at 4 C. Nuclei were washed with 1 ml of NPB, pelleted again, and finally resuspended in 1 ml of NPB. Twenty-five microliters of Invitrogen M-280 streptavidin-coated Dynabeads ($1.5 3 10 7 beads) was added to the nuclear suspensions, and this mixture was rotated at 4 C for 30 min to allow binding of beads to the biotinylated nuclei.
The 1 ml suspension of beads and nuclei was diluted to 10 ml volume with NPB containing 0.1% Triton X-100 (NPBt) and drawn into a plastic 10 ml serological pipette. We then employed a MiniMACS separator magnet (Miltenyi Biotec) to capture the Dynabead-bound nuclei using a flow-based setup (Figure 1F ). This was accomplished by inserting a 1 ml micropipette tip into the groove running the length of the magnet and then inserting the narrow end of the serological pipette, containing the nuclei and bead suspension, into the wide end of the 1 ml pipette tip and allowing the suspension to flow past the magnet at a rate of 0.75 ml/min. As the suspension flowed past the magnet, beads and nuclei were captured on the wall of the 1 ml pipette tip, and all of the solution was allowed to drain out. Beads and nuclei were then eluted from the wall of the tip by placing it on a pipette and repeatedly drawing 1 ml of NPBt into and out of the tip. This suspension was again brought up to a final volume of 10 ml with NPBt, and the magnetic purification was repeated just as before. Beads and nuclei were again released into 1 ml of NPBt, collected by centrifugation, decanted, and used immediately or resuspended in 20 ml NPB and frozen at À20 C prior to use. The 1 ml pipette tips used in the purification were pretreated with NPB + 1% BSA for 10 min to prevent the beads from sticking too firmly to the wall of the tip. Typical yields from 3 g of tissue were 1-3 3 10 5 nuclei, and this amount was used for each RNA isolation or chromatin immunoprecipitation experiment as described below. Purity and yield of nuclei after purification were determined by staining of total nuclei with DAPI prior to purification and subsequent counting of the number of beadbound nuclei and unbound nuclei in the purified preparation, considering bead-bound nuclei to be the target nuclei and non-bead-bound nuclei as contaminating nuclei from other cell types. Gene Expression Profiling Using Nuclear RNA Total RNA was isolated from purified nuclei using the QIAGEN RNeasy Micro Kit. RNA was first treated with RNase-free DNase I and then cDNA was prepared and amplified using the Whole Transcriptome Amplification Kit (Sigma). This synthesis/amplification method begins with a cDNA synthesis using primers with a random 3 0 end and defined 5 0 end, followed by PCR using primers that match the 5 0 end of the primers used for cDNA synthesis. The amplified cDNA was labeled in a random priming reaction using Cy dye-containing random 9-mers as directed in the Roche NimbleGen protocol supplied with the arrays. Sheared genomic DNA was labeled with the complementary Cy dye and was then cohybridized along with labeled cDNA to a custom-designed Arabidopsis 1.9 million feature tiling array from Roche NimbleGen, which was described previously (Bernatavichute et al., 2008) . This array covers the entire sequenced portion of the Arabidopsis genome with an isothermal probe design. All array hybridizations and scanning were performed by the Genomics Shared Resource Lab at the Fred Hutchinson Cancer Research Center. Two biological replicates of the experiment were performed for each cell type and the raw log 2 ratio data from each of these were processed by conversion to standard deviates on a probe-by-probe basis. An expression score was then calculated for each gene by averaging the log 2 ratios of the first 100 exonic probes, starting at the 3 0 end of the gene and moving toward the 5 0 end. In order to define the set of genes enriched in each cell type, we compared the data sets from each cell type using the program CyberT (Baldi and Long, 2001) . Within CyberT, we performed a Bayesian analysis using a window size of 101 and a confidence level of 10. Genes were classified as enriched in a given cell type if they showed a fold difference between cell types of >1.3 and a Bayes p value of <0.02. Gene Ontology (GO) analysis was performed on each set of cell typeenriched genes using the GeneCodis 2.0 program (Carmona-Saez et al., 2007; Nogales-Cadenas et al., 2009 ) with a hypergeometric test and false discovery rate calculation to correct the p values for multiple testing. The full set of genes present on the array was used as the background set in these analyses. c 2 tests were also performed on the observed versus expected percentage of genes in selected GO categories.
Quantitative RT-PCR Analysis
Wild-type Col-0 and gl2-8 mutant seedlings (T-DNA insertion line SALK_130213) (Alonso et al., 2003) were grown on plates of agar-solidified half-strength MS as described above, and RNA was prepared from the root hair zone of 7-day-old seedlings using the QIAGEN RNeasy Plant Mini Kit. Each RNA sample was treated with RNase-free DNase I and cDNA was prepared using the Superscript III Kit (Invitrogen) with oligo dT primers according to the manufacturer's instructions. Real-time PCR was performed on an Applied Biosystems 7900HT instrument using SYBR green detection chemistry. Relative quantities of each transcript were calculated using the 2 ÀDDCT method (Livak and Schmittgen, 2001 ) with At1g13320 serving as the endogenous control transcript in each case (Czechowski et al., 2005) . Primer sequences are given in Table S3 .
Chromatin Profiling by Chromatin Immunoprecipitation
For chromatin immunoprecipitation (ChIP) experiments, we first treated the excised root tissue with 1% formaldehyde in NPB for 15 min prior to extraction and purification of biotinylated nuclei as described above. Our ChIP protocol is based on that of Gendrel et al. (2005) , but was modified for smaller amounts of starting material. Purified nuclei were lysed in 120 ml of nuclei lysis buffer (50 mM Tris, 10 mM EDTA, 1% sodium dodecyl sulfate [pH 8]) and sonicated using a Diagenode Bioruptor to yield chromatin fragments with an average size of $500 bp. Sonicated chromatin was cleared by centrifugation and diluted to 1.3 ml final volume with ChIP dilution buffer (16.7 mM Tris, 1.2 mM EDTA, 1.1% Triton X-100, 167 mM NaCl [pH 8]). Diluted chromatin was pretreated with 20 ml (bed volume) of protein A agarose beads (Millipore) for 30 min at 4 C and then cleared by centrifugation. This chromatin was then divided into two or three aliquots of equal volume and 1-3 mg of antibody was added to each aliquot.
The following antibodies were used in the experiments: H3, Abcam ab1791; H3K4me3, Abcam ab8580; H3K27me3, Millipore 07-449. Antibodies were incubated with chromatin at 4 C overnight on a rocking platform, and then 20 ml (bed volume) of protein A agarose beads was added with rocking at 4 C for an additional 2 hr. Beads were washed once for 5 min at 4 C in 0.5 ml of each of the following buffers: low-salt wash buffer (20 mM Tris, 150 mM NaCl, 0.1% sodium dodecyl sulfate, 1% Triton X-100, 2 mM EDTA [pH 8]), high-salt wash buffer (20 mM Tris, 500 mM NaCl, 1% sodium deoxycholate, 1% NP-40, 1 mM EDTA [pH 8]), LiCl wash buffer (10 mM Tris, 250 mM LiCl, 0.1% sodium dodecyl sulfate, 1% Triton X-100, 2 mM EDTA [pH 8]), and TE (10 mM Tris, 1 mM EDTA [pH 7.5]). Chromatin was eluted from the beads in 200 ml of elution buffer (100 mM NaHCO 3 , 1% sodium dodecyl sulfate) with vortexing for 5 min, and then NaCl was added to 0.5 M and eluted chromatin was heated to 100 C for 15 min to reverse crosslinks.
DNA was isolated by treating the chromatin with RNase A, proteinase K, and purification using the QIAGEN MinElute Kit. Amplification of ChIP DNA was performed with the Sigma Single Cell Whole Genome Amplification Kit as directed, and the amplified material was labeled with Cy3 or Cy5 dye as described above. For each experiment, the H3K4me3 or H3K27me3 ChIP DNA was cohybridized to the tiling array (same array as used for expression analysis) along with H3 ChIP DNA from the same starting chromatin to equalize for nucleosome occupancy. Two biological replicates of each ChIP were performed and the log 2 ratios from each replicate array were converted to standard deviates, averaged, and smoothed using triangular smoothing as described previously (Ooi et al., 2010) . These data were used for all analyses. Cluster analysis was performed with Cluster 3 (Eisen et al., 1998) and the results were viewed using Java Treeview 1.1.0 (Saldanha, 2004) . Ends analysis was performed as previously described (Henikoff et al., 2009) , and the analysis of each gene was stopped at the point where another genomic feature (gene or transposable element) was encountered.
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